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ABSTRACT 10 
The flexibility of insect adhesive pads is crucial for their ability to attach on rough surfaces. Here 11 
we use transparent substrates with micropillars to test in adult cockroaches (Nauphoeta cinerea) 12 
whether and how the stiffness of smooth adhesive pads changes when shear forces are applied, and 13 
whether the insect’s age has any influence. We found that during pulls towards the body, the pad’s 14 
ability to conform to the surface microstructures was improved in comparison to a contact without 15 
shear, suggesting that shear forces make the pad more compliant. The mechanism underlying this 16 
shear-dependent increase in compliance is still unclear. The effect was not explained by viscoelastic 17 
creep, changes in normal pressure, or shear-induced pad rolling, which brings new areas of cuticle 18 
into surface contact. Adhesive pads were significantly stiffer in older cockroaches. Stiffness 19 
increased most rapidly in cockroaches aged between 2.5 and 4 months. The increase in stiffness is 20 
likely based on wear and repair of the delicate adhesive cuticle. Recent wear (visualised by 21 
methylene blue staining) was not age-dependent, whereas permanent damage (visible as brown 22 
scars) accumulated with age, reducing the pads’ flexibility. 23 
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Summary statement 29 
Using transparent micropillar substrate, we show that the compliance of smooth adhesive pads in 30 
insects increases with shear forces but decreases with the insect’s age. 31 
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List of symbols/abbreviations 37 
AFM: Atomic Force Microscopy 38 
λ:effective pad compliance (as defined by equ. 1) 39 
PDMS : polydimethylsiloxane 40 
SEM : Scanning Electron Microscopy 41 
s.e.m.: standard error of mean 42 
W: work of adhesion 43 
Eeff: effective elastic modulus 44 
s: pillar spacing 45 
d: pillar diameter 46 
h: pillar height 47 
 48 
 49 
INTRODUCTION 50 
The locomotion of insects is often constrained by their ability to attach to surfaces in their 51 
environment. In order to climb successfully on a wide range of rough surfaces found in nature, 52 
insects have evolved attachment organs which include claws and soft attachment pads (Beutel and 53 
Gorb, 2001). Claws can interlock with most surface asperities if larger than the diameter of the claw 54 
tips, while soft pads are most useful when surface protrusions are too small for the claws to grip 55 
(Dai et al., 2002; Bullock and Federle, 2011). 56 
The mechanisms by which insect adhesive pads cope with surface roughness are still not well 57 
understood. The pads need to be compliant to be able to deform and achieve sufficient contact 58 
(Gorb et al., 2000; Clemente et al., 2009). In smooth adhesive pads of insects, compliance at 59 
different length scales is achieved by a hierarchically organized cuticular structure. The specialised 60 
cuticle of smooth pads consists of large inner rods oriented at an angle almost perpendicular to the 61 
surface. They branch out into finer fibrils near the surface, conveying smaller-scale compliance. 62 
These fibres are covered by a thin epicuticle, which in stick insects is folded longitudinally (Scholz 63 
et al., 2008; Bennemann et al., 2014). 64 
A further key feature of animal attachment organs is their direction-dependence. Forces of adhesive 65 
pads are usually maximised when insect legs are pulled toward the body and they detach easily 66 
when this force is released or when they are pushed (e.g. Federle et al., 2001; Federle and Endlein, 67 
2004; Autumn et al., 2006; Clemente and Federle, 2008). Although this direction-dependence is 68 
wide-spread among animals with adhesive footpads, the mechanical systems underlying it can be 69 
diverse. In hairy adhesive systems, direction dependence is caused by the default position of seta 70 
tips, which need to be bent by a pull in order to make full contact to the substrate. In smooth 71 
adhesive pads, the direction-dependence can be based on the unfolding of the adhesive pad, or on a 72 
hydraulically mediated contact area increase.  73 
It is still unclear, however, whether the ability of the pad to deform around surface asperities is also 74 
dependent on the shear force acting on the pad. The internal fibrous cuticle structure of smooth pads 75 
would allow a shear-dependent change in compliance. It has been shown that the internal fibres 76 
assume a more oblique orientation when the pad is pulled. This may not only result in a more 77 
compact packing of the cuticular rods (thereby potentially increasing stiffness) but also reduce the 78 
thickness of the cuticle (thereby reducing its bending stiffness). It is unclear which of the two 79 
effects dominates, or whether they will cancel each other out. If there is a change in pad stiffness 80 
mediated by a pull, it could have different effects, depending on the substrate. On a smooth 81 
substrate, peeling or fracture mechanics models would predict a stiffer pad to achieve higher 82 
adhesion (Maugis and Barquins, 1978; Bartlett et al., 2012). On a rough substrate, compliant 83 
adhesives will adhere better as they will achieve a larger contact area. Here, we study how shear 84 
forces influence the ability of smooth adhesive pads to make contact to a transparent micro-85 
structured substrate. 86 
The stiffness of tarsal pads has been found to be affected by the insects’ age. The pads of aged 87 
cockroaches were found to be less flexible than those of younger ones, concurrent with a reduced 88 
climbing performance (Ridgel et al., 2003; Ridgel and Ritzmann, 2005), but it is still unclear to 89 
what extent these changes are the result of wear and damage to the cuticle. Insect pads are often 90 
found with brown 'scars' which are much stiffer than the rest of pad. Lai-Fook (1966) demonstrated 91 
that, due to the action of phenolases, a permanent localised darkening and hardening of the cuticle 92 
(sclerotisation) occurred in insects after superficial abrasions. Insect pads are affected by this 93 
'scaring' process with age, which affects their flexibility. 94 
Age may also provide a possible explanation for the observed, high intraspecific variation of 95 
adhesion in insects. Even on the same substrates, insects from the same colony can show very 96 
different shear and adhesive stresses (e.g. Clemente et al., 2009; Zhou et al., 2014). 97 
To quantify the stiffness of smooth insect pads, previous studies measured load-displacement curves 98 
of whole pads (Gorb et al., 2000; Jiao et al., 2000), or indented pads with spherical tips or used 99 
Atomic Force Microscopy (AFM) to characterise the micromechanics with high spatial resolution 100 
(Scholz et al., 2008). In these studies the material properties were measured at a single point under 101 
approximately static conditions.  102 
To assess the effective stiffness of the whole adhesive pad contact zone, we used a transparent 103 
micropillar substrate with a gradient of pillar spacings. Microstructured substrates are powerful 104 
tools to study insect adhesion (Clemente et al., 2009; Zhou et al., 2014). Smooth adhesive pads of 105 
insects make full contact (touching the substrate between the pillars) where the pillars are spaced 106 
widely but only partial contact (touching the pillar tops only) where the pillar spacing is narrow 107 
(Zhou et al., 2014). The effective elastic modulus of pads can be estimated from the transition point 108 
from full to partial contact (Zhou et al., 2014). 109 
When the surface of the cuticle has been damaged, the water-proofing wax layer of the epicuticle 110 
may be destroyed, making the cuticle permeable to water-soluble dyes such as methylene blue 111 
(Slifer, 1950). Following damage, the lipid layer can be repaired and become again impermeable 112 
(Wigglesworth, 1945; Slifer, 1950). For soft insect cuticle, more than superficial damage can result 113 
in sclerotisation through the action of phenolases in the cuticle, leading to permanent brown scars 114 
(Lai-Fook, 1966).  115 
Here we studied the cuticular damage to the arolium by examining blue (stain) and brown 116 
(permanent scar) colouration in both young and aged adults.  117 
We address the following questions: 118 
(1) how do pulling forces affect the stiffness of adhesive pads? 119 
(2) does the compliance of pads change with age?  120 
(3) how does damage accumulate over time in cockroaches? 121 
 122 
RESULTS 123 
Effect of shear forces on the compliance of the arolium 124 
When cockroach adhesive pads were brought into contact with the gradient micropillar substrate 125 
(Fig. 1), they made full contact on the side with large pillar spacings, and partial contact on the the 126 
side with dense pillar arrays. The transition from full to partial contact mostly coincided with a 127 
change in pillar spacing on the substrate (Fig. 2). When pads were pulled across the substrate, the 128 
transition changed significantly from larger to smaller pillar spacings (supplementary material 129 
Movie 1). The values of λ (indicating compliance) for cockroach pads increased significantly with 130 
sliding distance (Page's L test, L21,60 = 1.73×105, P < 0.001; Fig. 3). The position of the contact 131 
transition approached a steady state during the pulling movement. The change was fastest when the 132 
pulling movement started. In the course of sliding, the pads’ total projected contact area increased, 133 
compared to the initial contact (Wilcoxon signed rank test, V = 272, n = 46, P = 0.003). 134 
The changes in pad compliance (λ) cannot be explained by simple creep, as λ did not change 135 
significantly from five seconds before to the start of sliding (Wilcoxon signed rank test: V = 57, n = 136 
34, P = 0.445). However, pad compliance (λ) then increased significantly with sliding (Wilcoxon 137 
signed rank test, start of sliding vs. 5 seconds thereafter: V = 52, n = 34, P = 0.008; P values 138 
corrected for multiple testing using the Holm-Bonferroni method; Holm, 1979). 139 
In order to investigate whether the observed change in compliance is based on a change in material 140 
properties or caused by different areas of the pad cuticle coming into contact, we made an attempt 141 
to track ‘landmark’ points in the adhesive contact zone. Unfortunately only one adhesive pad had a 142 
visible air bubble which could be tracked as a landmark (see Fig. 2). In this cockroach, λ increased 143 
within the first second from 0.087 to 0.096 µm. The distance of the air bubble from the proximal 144 
edge of the contact zone increased by 19.6 µm within 3 seconds after the pulling movement had 145 
started. This suggests that the pad underwent a small amount of rolling, bringing new areas of 146 
adhesive pad cuticle into contact on the proximal side. However, as the movement of the air bubble 147 
was considerably shorter than the length of the adhesive pad (97.1 µm, see Fig. 2), the bulk of the 148 
adhesive contact area during initial contact was still in contact during the steady-state sliding phase.  149 
To determine whether the ‘new’ areas on the proximal side of the pad could be responsible for the 150 
measured change in pad stiffness, we tested whether pads are more compliant on the proximal side 151 
than on the distal one. We measured the transition from partial to full contact separately for the 152 
distal and the proximal half of the pad contact zone for pads in initial contact and after sliding. We 153 
did not find any evidence for a higher compliance on the proximal side, neither at initial contact nor 154 
after sliding; there was even a slight trend towards higher compliance on the distal side (Fig. 4; 155 
Wilcoxon signed rank tests for initial contact: V = 572.5, n = 60, P < 0.001; after sliding: V = 32, n 156 
= 60, P = 0.114). This indicates that the observed decrease in stiffness after shear is not caused by 157 
simple rolling of the pads. 158 
 159 
Effect of age on the flexibility and adhesion of the cockroach arolium 160 
The transition from full to partial contact changed and hence the value of λ increased gradually to a 161 
steady state during the pulling movement (Fig. 3). To compare the pad compliance for cockroaches 162 
of different age, we used the steady-state value of λ (measured at t = 50 second). Pad compliance 163 
significantly decreased with age (Spearman's Rank correlation, rs = - 0.588, n = 60, P < 0.001, Fig. 164 
5). This decrease appeared to be relatively abrupt. Specifically, the difference in compliance was 165 
significant between consecutive age groups only for the cockroaches 2.5 and 4 months old (Mann-166 
Whitney U test: W = 100, n = 20; P < 0.001, all other comparisons P > 0.05; P values corrected for 167 
multiple testing) (Holm, 1979). 168 
In order to verify that the observed ‘age’ effect represented a real change and not a difference 169 
between separate groups of cockroaches kept in different boxes, we collected a smaller series of 170 
data using untested cockroaches from the ‘2.5-months’ group, tested three months later, i.e. after 5.5 171 
months (n = 10). Again, pad compliance was significantly higher for the 5.5-months old 172 
cockroaches (Mann-Whitney U test: W = 84, n = 20, P = 0.017; Fig. 6). The two groups tested at 173 
5.5 months age were not significantly different from one another (Mann-Whitney U test: W = 61, n 174 
= 20, P = 0.418; P values corrected for multiple testing) (Holm, 1979). 175 
We compared the adhesion forces of cockroaches aged 0.5 and 4.5 months on a microrough test 176 
substrate. The adhesion forces of the younger cockroaches were significantly higher than those of 177 
the aged ones (Mann-Whitney U test: W = 82, n = 20, P = 0.014; fig 7). This suggests that the softer 178 
pads in younger cockroaches help them to deform and achieve sufficient contact on rough surfaces. 179 
 180 
Age-dependent wear of cockroach arolium 181 
We assessed both methylene blue staining (indicating recent wear) and brown cuticle colouration 182 
(indicating cuticle repair and sclerotisation) of the arolium in newly hatched, 3-month old and 7-183 
month old cockroaches. There was no correlation between the amount of blue arolium staining and 184 
the age of the cockroaches (Spearman's Rank correlation, rs = 0.081, n = 26, P =0.694). However, 185 
brown arolium colouration increased significantly with age (Spearman's Rank correlation, rs = 186 
0.672, n = 26, P < 0.001; fig 8). A repeated analysis of the same pads of the newly hatched 187 
cockroaches showed that there was a strong correlation between the amount of blue staining on day 188 
3 and the brown colouration on day 10 (Spearman's Rank correlation, rs = 0.628, n = 18, P = 0.005). 189 
The brown scars appeared to reduce the pads’ flexibility. We visualised this effect in a 7-day old 190 
adult cockroach with a single brown scar on one of its arolia. This arolium was brought into contact 191 
with a pillar substrate with 1.4 µm pillar height and diameter and 4 µm spacing (fig 9). In the 192 
scarred area, the arolium cuticle was unable to deform around the pillars to make full contact on this 193 
substrate, whereas all other areas were soft enough to achieve full contact. 194 
 195 
DISCUSSION 196 
Effect of shear forces on adhesive pad compliance 197 
Our results show that the ability of cockroach adhesive pads to compensate surface roughness 198 
increases when the pads are pulled toward the body. When sheared, the pads made full contact on 199 
pillar arrays with a smaller spacing than before the shear movement. The median effective 200 
compliance parameter (estimated from the topography) increased by 22% within the first nine 201 
seconds of the start of the pull, and stayed approximately constant thereafter (Fig. 3). What is the 202 
mechanism underlying this increase in compliance?  203 
(1) The change in stiffness could be explained by time-dependent viscoelastic properties of the pad 204 
cuticle. Viscoelasticity has been demonstrated for smooth adhesive pads of other insects at the level 205 
of whole pads (Gorb et al., 2000), but its importance for the pad cuticle itself is still unclear. After 206 
bringing the pads into contact with the gradient pillar substrate, the pad cuticle did not show any 207 
significant creep, i.e. the compliance parameter λ remained approximately constant over the first 208 
five seconds of contact. Only with the start of sliding, the pad’s compliance increased. Thus, the 209 
observed changes in stiffness cannot be explained by viscoelasticity. Strong viscoelasticity may 210 
generally be undesirable for adhesive pads of climbing animals, as they have to attach and detach 211 
rapidly during locomotion. 212 
(2) Shearing results in some rolling of the pad, bringing new areas of cuticle into contact at the 213 
proximal side. Thus, it is possible that different areas of pad cuticle are in contact during initial 214 
contact and after shearing. However, our findings indicate that not only was the amount of rolling 215 
relatively small (so that only about 20% of the pad’s contact area were new), but there was also no 216 
evidence that regions on the proximal side of the pad were any softer than those on the distal side. 217 
Thus, although some rolling may have occurred, it cannot explain the observed shear-induced 218 
increase in pad compliance. 219 
(3) The transition from partial to full contact of the pad could be influenced by the normal pressure 220 
in the pad contact zone. Although a constant normal force was maintained during our experiments, 221 
it would be possible that a shear-induced reduction in contact area (as observed for rubber 222 
hemispheres pressed against glass; Savkoor and Briggs, 1977) increases the pressure within the 223 
contact zone, leading to a shift of the compliance parameter λ. However, our results showed that the 224 
overall projected contact area increased when the pads were sheared, so that there is no evidence for 225 
a pressure-induced transition from partial to full contact. 226 
(4) In the absence of evidence in favour of the previous three explanations, the observed increase in 227 
pad compliance may indicate a change in cuticle material properties in response to a pull. A change 228 
in cuticle material properties could be based on the pad’s internal fibrillar ultrastructure. In stick 229 
insects, the default angle of the larger cuticular rods was measured to be 57° or 71° to the pad 230 
surface in the proximal-to-distal orientation (Dirks et al., 2012; Bennemann et al., 2014). A pull 231 
reduces this angle (Dirks et al., 2012). The consequences of this angle change for effective cuticle 232 
stiffness are non-trivial. Because of the smaller angle, both the main rods and the finer cuticular 233 
fibrils of the outer ‘branching’ zone may bend more in the tangential direction, thereby increasing 234 
compliance. On the other hand, the distance between adjacent rods will decrease, making the pad 235 
cuticle more compact, potentially increasing the coupling between rods and reducing pad 236 
compliance. 237 
It is likely that the observed stiffness change is an adaptation to enhance adhesion on rough surfaces 238 
when the foot is pulled toward the body. So far, however, it is unclear whether the change in 239 
compliance is reversible and whether it occurs only when the pad is sheared in the pulling direction.  240 
 241 
Effect of age on adhesive pad compliance 242 
The compliance of cockroach arolia (values of λ) decreased significantly with age. This decrease 243 
appeared to be relatively abrupt, with the greatest change occurring in cockroaches between 2.5 and 244 
4 months of age. As the pads’ compliance parameter λ decreased from around 0.14 to 0.10 μm, their 245 
elastic modulus may have increased by ca. 40% (assuming no change in the work of adhesion with 246 
age). This stiffening occurred in pads without any visible damage or brown colouration. Thus, if 247 
pads with visibly damaged pads (and sclerotized scars) had been included, an even greater effect 248 
would have been recorded.  249 
In a previous study we quantified pad stiffness in N. cinerea cockroaches without considering their 250 
age, and found a mean compliance parameter λ of 0.15 µm (Zhou et al., 2014). This value 251 
corresponds well to the pad compliance of young cockroaches found here, suggesting that most 252 
insects used in our previous study were less than four months old. This age bias may be based on 253 
our selection of insects and pads without any visible damage (Zhou et al., 2014). 254 
 255 
Wear and repair of arolium cuticle 256 
Adhesive pads are subject to damage and wear throughout an insect’s lifetime. We monitored wear 257 
and damage of the cockroach arolia by observing cuticle colouration and its stainability with 258 
methylene blue. 259 
Pad staining by methylene blue indicates recent damage by abrasion of the impermeable wax layer 260 
on the surface of the epicuticle (Wigglesworth, 1945; Slifer, 1950). The wax layer can be repaired, 261 
thereby restoring its water-proofing function (Slifer, 1950; Lai-Fook, 1966). Consistently, the level 262 
of methylene blue staining in our study did not increase with age but remained approximately 263 
constant. It was found for Calpodes fly larvae that wounded cuticle regions started to darken 264 
(indicating sclerotization by phenolic tanning) before they lost permeability to methylene blue (Lai-265 
Fook, 1966). When larvae were prevented from sclerotization by dipping them in a suspension of 266 
phenylthiourea, their permeability to methylene blue persisted longer (Lai-Fook, 1966). These 267 
findings suggest that repair of the wax layer and cuticle sclerotization are correlated. Therefore, it is 268 
likely that the increased pad stiffness observed in our study was also based on a weak sclerotization 269 
of the cuticle by phenolic tanning (Vincent and Wegst, 2004; Andersen, 2010), even though no 270 
brown scars were visible. The detailed mechanism underlying the invisible stiffening is still unclear; 271 
it could be simply based on smaller amounts of melanin produced during the repair of small and 272 
superficial cuticle wounds (Slifer, 1950; Lai-Fook, 1966), or by a different mechanism of cuticle 273 
sclerotization (Andersen, 2010).  274 
Brown scars were more frequent and occupied larger areas on the pads of older insects. The 275 
stiffening of adhesive pads reduces the insects’ adhesive performance on rough surfaces, and it may 276 
contribute to the age-dependent decline in locomotor activity of cockroaches (Ridgel et al., 2003). 277 
Stiffening may represent an unwanted by-product of cuticle repair mechanisms, and selection 278 
should favour physiological mechanisms that allow the repair of the wax layer in adhesive pads 279 
with a minimal stiffness increase.  280 
In many insect species, individuals of different age vary in their activity, leading to a simple decline 281 
in spontaneous locomotion with age as reported in flies (Le Bourg, 1987), or a complex division of 282 
labour between age groups in some social insects (Seeley, 1995). Age-dependent activity could 283 
result in a different frequency of adhesive pad surface contacts which contribute to wear (Ridgel 284 
and Ritzmann, 2005). The fast decrease in pad compliance between 2.5 and 4 months of age may be 285 
interpreted by a higher locomotory activity for cockroaches of this age, although no higher 286 
methylene blue stainability was observed. 287 
The microstructured, transparent substrates with standardised topographies are a powerful tool to 288 
study the performance of natural adhesives on rough surfaces. The gradient pillar substrates used in 289 
this study allow an instantaneous assessment of pad stiffness over the whole contact zone and under 290 
different experimental conditions. 291 
 292 
MATERIALS AND METHODS 293 
Study animals 294 
Adult cockroaches (Nauphoeta cinerea; body mass 549.3 ± 14 mg; mean ± s.e.m., n = 60) were 295 
taken from laboratory colonies. In order to group the cockroaches by their age, newly hatched adult 296 
cockroaches were collected and kept in separate plastic boxes together with those hatched in the 297 
same month. Newly hatched adult cockroaches were easily recognized by their completely white 298 
cuticle; most parts of the exoskeleton turn brown in the course of cuticle sclerotization within less 299 
than one day. We are therefore confident that the collected cockroaches were less than one day old. 300 
We separated 6 groups of cockroaches, within each group all insects had hatched within the same 301 
month. The cockroaches were kept at 24°C on a 12:12 hour light-dark cycle and fed on dog food. 302 
There was a significant increase of body mass with age (Spearman's Rank correlation, rs = 0.490, n 303 
= 60, P < 0.001; body mass, newly hatched: 419 ± 10.2 mg, n = 10; 7-months-old: 634 ± 28.2 mg, n 304 
= 10; mean ± s.e.m.). For the experiments with microstructured substrates, cockroaches were 305 
anaesthetised with CO2 and immobilised by tying them on their back using Parafilm to a 306 
microscope slide glued on a glass tube. One of the hind legs was fixed with Vinyl Polysiloxane 307 
impression material (Elite HD+ light body, Zhermack, Badia Polesine, Italy) to a piece of soldering 308 
wire attached to the microscope slide, so that the whole tarsus was immobilised and the adhesive 309 
pad stood out as the highest point. To ensure that only the adhesive pad comes into contact with the 310 
test substrate, we trimmed the tips of the claws. We only tested arolia without any visible damage. 311 
 312 
Fabrication of microstructured substrates 313 
Microstructured transparent substrates were fabricated using photolithography and nanoimprinting. 314 
The fabrication method followed a previous study (Zhou et al., 2014). In brief, a lithography 315 
shadow mask was designed and produced (Compugraphics Intl. Ltd, Glenrothes, Fife, Scotland). 316 
SU-8 2002 photoresist (viscosity 7.5 cSt; MicroChem, Newton, Massachusetts, USA) was spin-317 
coated onto a silicon wafer for 30 seconds at 2000 rpm, resulting in a feature height of 1.4 µm. The 318 
features were produced on the silicon wafer by exposing the photoresist with UV light through the 319 
mask, followed by developer treatment. A soft polydimethylsiloxane (PDMS; Sylgard 184; Dow 320 
Corning, Midland, Michigan, USA) mould was then used to transfer the features from the silicon 321 
wafer to transparent epoxy (PX672H/NC; Robnor Resins, Swindon, Wiltshire, UK) on glass 322 
coverslips (18 mm × 18 mm × 0.1 mm). 323 
Using this method, transparent substrates were produced with a 525 µm × 2 mm ‘gradient’ pattern 324 
consisting of cylindrical pillars arranged in a series of 12 square arrays increasing in pillar spacing 325 
(Fig. 1). The pillars were 2 µm in diameter and 1.4 µm in height. The centre-to-centre pillar spacing 326 
increased from 3 to 8 µm in steps of 0.5 µm (Fig. 1). 327 
 328 
Scanning electron microscopy (SEM) 329 
For scanning electron microscopy (SEM) of microstructured substrates, the surfaces were mounted 330 
on SEM stubs and sputter-coated with gold to prevent charging. Samples were viewed using a 331 
Philips XL 30 FEG microscope (Philips, Amsterdam, Netherlands) with a beam voltage of 5kV. 332 
 333 
Visualization of the adhesive pad contact zone 334 
Following previous studies (Drechsler and Federle, 2006; Bullock et al., 2008), a custom-made 335 
setup was used to perform pulling movements of single adhesive pads of live cockroaches on the 336 
gradient micropillar substrate. The spring constant of the 2-D force transducer used was 31.8 N/m 337 
in the normal direction and 41.9 N/m in the lateral direction. The force transducer was mounted on 338 
a three-dimensional motor positioning stage ((M-126PD, C-843, Physik Instrumente, Karisruhe, 339 
Germany), controlled by a custom-made LABVIEW (National Instruments, Austin, Texas, USA) 340 
program. The contact of insect pad through the transparent substrate was recorded at 10 Hz using an 341 
externally triggered Redlake PCI 1000 B/W video camera (Cheshire, Connecticut, USA). 342 
A coverslip with the gradient micropillar substrate was mounted on the force transducer so that the 343 
axis of the gradient was aligned to one of the axes of the motor. The hind leg adhesive pad of a 344 
cockroach was brought into contact with the centre of the micropillar gradient with a normal force 345 
of 1 mN. The pad was brought close to the surface manually, followed by 10 seconds approach 346 
using the force feedback system. The axis of the leg was perpendicular to the gradient, and the pad 347 
touched each of the zones with different spacings. The substrate was then moved for 20 seconds 348 
across the insect pad, away from the insect (corresponding to a horizontal pull of the leg toward the 349 
body), while maintaining a constant normal force of 1 mN (feedback control frequency 20 Hz) and 350 
a sliding velocity of 0.05 mm/s. Due to the alignment of the substrate, the pad moved perpendicular 351 
to the gradient, and therefore stayed in the centre of the pattern throughout the movement. At the 352 
end of the sliding movement, the pad was left in contact with the same normal force for another 30 353 
seconds before the substrate was pulled off. 354 
The image of the contact area was used to estimate the compliance of the arolium. As the pattern 355 
was designed to be slightly narrower than the width of the cockroach pads, a transition from partial 356 
contact (pad only in contact with the top of the pillars) to full contact (pad also in contact with the 357 
area in between the pillars) was always observed. We measured the pad’s total contact area during 358 
initial contact and at the end of sliding as twice the (fully visible) pad half-area on the side with 359 
larger pillar spacing; the pad mid-line was defined relative to the visible left and right pad edges. 360 
 361 
Pad stiffness estimation 362 
We measured from the contact images the pillar spacing where the pad changed from full to partial 363 
contact (Fig. 2). The position of this transition was measured relative to the visible left and right 364 
margins of the gradient to find the smallest pillar spacing on which the pad could still make full 365 
contact. This spacing was used to estimate the pad’s flexibility. One image per second was analysed 366 
for the first 30 seconds from when the pulling movement started, while one image per five seconds 367 
was analysed for the last 20 seconds since the contact hardly changed during this period.  368 
The contact model used in our previous study (Zhou et al., 2014) predicts that a smooth pad should 369 
make full contact to a substrate patterned with cylindrical pillars if 370 
( ) λdsπ hEWeff ≡−> 2
2
, (1) 371 
where W is the work of adhesion, Eeff is the effective elastic modulus, s is the pillar spacing where 372 
the transition from full to partial contact happened, d is the pillar diameter, h is the pillar height and 373 
λ is a summarizing topography parameter with dimensions of length, which can be used as a proxy 374 
for the pad’s compliance and ability to conform to rough surfaces. A high compliance λ indicates 375 
that the contact transition occurred for a small pillar spacing, which requires a low effective elastic 376 
modulus of the pad. 377 
To evaluate whether ‘new’ areas on the proximal side of the pad could mediate a shear-induced 378 
change in pad stiffness, we measured λ separately for the distal and the proximal half of the pad 379 
contact zone (see Fig. 2). 380 
 381 
Adhesion force measurement 382 
In order to evaluate how the variation in pad compliance affects adhesion, we measured pull-off 383 
forces of single cockroach pads on a micro-rough substrate. A piece of aluminium oxide polishing 384 
paper (asperity size 50 nm; Ultra Tec, Santa Ana, California, USA) glued to a glass coverslip (18 385 
mm × 18 mm × 0.1 mm) was mounted at the end of a metal bending beam with a spring constant of 386 
14.3 N/m. The bending beam was mounted on a three-dimensional motor positioning stage (see 387 
above). A fibre optic sensor (D12, PHILTEC, Annapolis, Maryland, USA) measured the beam’s 388 
deflection as the distance to a smooth reflective metal foil target glued onto the beam just before the 389 
substrate. The fibre optic sensor was used in its near field (ca. 30-130 µm distance to reflective 390 
target), and was calibrated to obtain force. The substrate was moved into contact with the insect pad 391 
with a normal force of 1 mN, kept in contact for 30 seconds (feedback frequency 20 Hz), and then 392 
pulled off perpendicularly at a velocity of 0.1 mm/s. The peak forces were used for further analysis.  393 
The cockroaches used in this experiment were 0.5 and 4.5 months old (body mass: 480 ± 31.1 mg 394 
and 645 ± 20.3 mg; mean ± s.e.m., n = 10 each). 395 
 396 
Visualization of wear in the arolium of cockroaches 397 
We visualized damage and wear of the adhesive pad cuticle with a method similar to that used by 398 
Slifer (1950). A 0.1% solution of methylene blue was obtained by dissolving methylene blue 399 
powder (general purpose grade, Fisher Scientific, Hampton, New Hampshire, USA) in deionised 400 
water. A piece of tissue paper was folded, fully soaked with methylene blue solution, and laid out in 401 
a petri dish. A cockroach was then placed on the tissue paper with a petri dish lid over it. This 402 
ensured that the cockroach could not escape and its tarsi were in contact with the dye. Tissue paper 403 
was used rather than liquid methylene blue solution to prevent the cockroach from drinking the dye. 404 
The insect was kept in the petri dish for one hour and was then transferred to a clean petri dish, 405 
which was rinsed four times (with the cockroach inside) to remove any surplus dye. The cockroach 406 
was then anaesthetised by cooling at - 10°C for approximately 2 minutes until it stopped moving so 407 
that it could be observed under a stereomicroscope. 408 
In order to study the age dependence of wear, cockroaches were randomly selected from newly 409 
hatched (n = 6), 3-months-old (n = 10) and 7-months-old (n = 10) groups. In order to score the 410 
arolia for blue (methylene blue stain) and brown (sclerotized cuticle) colouration, each pad contact 411 
area was evenly divided into six segments of equal size (three distal and three proximal). Each pad 412 
segment was given a score from 0 to 3 for the intensity of blue and brown colouration. We 413 
calculated the average score of blue and brown colouration for each cockroach (pooling across all 414 
measurements and arolia). 415 
416 
Captions 417 
 418 
Fig. 1. SEM micrographs of the transparent ‘gradient’ microstructured epoxy substrate with 419 
square arrays of cylindrical pillars 1.4 µm in height and 2 µm in diameter. (a) from left to right, 420 
the centre-to-centre spacing increases from 3.5 to 6.5 µm in steps of 0.5 µm. (b) transition from 3.5 421 
to 4.0 µm spacing. (c) transition from 6.0 to 6.5 µm spacing. Scale bars: 20 µm (a), and 5 µm (b, c). 422 
 423 
Fig. 2. Contact area image of cockroach arolium (Nauphoeta cinerea) pulled across the 424 
‘gradient’ pillar substrate. The pillar spacings increase from 3 µm (left) to 8 μm (right) in steps of 425 
0.5 µm. Scale bar: 100 μm. 426 
 427 
Fig. 3. Shear-dependent change in compliance of cockroach arolia pulled across the ‘gradient’ 428 
pillar substrate. (a) Typical shear-induced change in compliance λ (see equ.1) for the pad of a 5.5-429 
months old adult cockroach. (b) Relative pad compliance (percentage of each pad’s steady-state 430 
compliance λ at t = 50 seconds) increased and gradually approached a steady state. Centre lines and 431 
boxes represent the median within the inner quartiles, whiskers show the 10th and 90th percentiles 432 
and circles indicate outliers. 433 
 434 
Fig. 4. Shear-dependent change in compliance (measured as λ, see equ.1) of cockroach arolia 435 
pulled across the ‘gradient’ pillar substrate, measured separately for the proximal and distal 436 
half of the pad. Centre lines and boxes represent the median within the inner quartiles, whiskers 437 
show the 10th and 90th percentiles and circles indicate outliers. 438 
 439 
Fig. 5. Arolium compliance (measured as λ, see equ.1) in different age groups of N. cinerea 440 
cockroaches. Centre lines and boxes represent the median within the inner quartiles, whiskers show 441 
the 10th and 90th percentiles and circles indicate outliers. 442 
 443 
Fig. 6. Change in arolium compliance (measured as λ, see equ.1) in N. cinerea cockroaches 444 
from the same experimental group, measured 2.5 and 5.5 months after hatching. Centre lines 445 
and boxes represent the median within the inner quartiles, whiskers show the 10th and 90th 446 
percentiles and circles indicate outliers. 447 
 448 
Fig. 7. Effect of age on the adhesion of cockroach arolia on a microrough surface (asperity size 449 
50 nm). Adhesion was weaker for the older cockroaches. Centre lines and boxes represent the 450 
median within the inner quartiles, whiskers show the 10th and 90th percentiles and circles indicate 451 
outliers. 452 
 453 
Fig. 8. Age-dependent increase of brown cuticle colouration in arolia of N. cinerea cockroaches. 454 
The level of colouration was scored from 0 to 3. Circles represent individual insects. 455 
 456 
Fig. 9. Effects of cuticle damage on arolium flexibility in N. cinerea. (a) arolium with a brown 457 
scar (arrow). (b) the same pad contacting a microstructured square array of pillars with 1.4 µm 458 
diameter, 1.4 µm height and 4 µm spacing. Arrow in (b) shows the loss of contact caused by scar 459 
shown in (a). Scale bar: 100 μm. 460 
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